1. Introduction
===============

Shigellosis is caused by *Shigella bacillus*, a facultatively anaerobic, nonmotile gram-negative rod belonging to the *Enterobacteriaceae* family.^\[[@R1]\]^ The *Shigella* species are antigenically diverse pathogens that comprise four species or serogroups: Group A, *Shigella dysenteriae*; Group B, *Shigella flexneri*; Group C, *Shigella boydii*; and Group D, *Shigella sonnei*. Each species is subdivided into serotypes and subtypes, distinguished by components of the lipopolysaccharide O antigen repeats.^\[[@R1]\]^

Shigellosis is spread from person to person via the fecal-oral route or through food or drinking water. Epidemics are frequent in overcrowded populations with poor sanitation.^\[[@R1],[@R2]\]^ Community outbreaks have been frequently associated with daycare centers and school attendees.^\[[@R3]\]^ In Taiwan, there was a huge outbreak of shigellosis affecting more than 40% (n = 730) of students due to school underground well water to be contamination by sewage from a toilet in 1993.^\[[@R4]\]^ Epidemiological investigation revealed that the more a student used the school water, the higher risk of infected shigellosis.^\[[@R4]\]^*Shigella* is the leading cause of diarrheal death after rotavirus. Annually, there are 165 million reported or confirmed cases of shigellosis globally and approximately 1 million deaths worldwide.^\[[@R5],[@R6]\]^ On a global scale, developing counties have a reportedly greater risk than developed counties.^\[[@R7]\]^

The effects of climatic factors on infectious diseases in the context of climate change have attracted global attention in recent years. It is widely believed that climate has an important impact on the sustainability and spread of many infectious diseases.^\[[@R8],[@R9]\]^ Climate change refers to changes in weather variables such as temperature, precipitation, wind speed, humidity, and others.^\[[@R10]\]^ Climate change affects infectious diseases by impacting three epidemiological aspects: the pathogens themselves, their hosts/vectors, and transmission.^\[[@R11],[@R12]\]^ It has been predicted that there will be unprecedented global climate change that will lead to increases in waterborne and foodborne infectious diseases.^\[[@R8]--[@R13]\]^ The risk of shigellosis shows spatial heterogeneity, and the incidence rates of shigellosis vary considerably worldwide. Previous studies have shown a positive association between temperature and the incidence of shigellosis.^\[[@R13]--[@R15]\]^ Rainfall, relative humidity, air pressure and maximum wind speed also affect the reproduction of pathogens and the contamination of drinking water, which may increase the incidence of shigellosis.^\[[@R16],[@R17]\]^ However, few studies have investigated the effects of meteorological factors on the occurrence of shigellosis in Taiwan. A further understanding of the relationships between climatic factors and the occurrence of shigellosis could help improve both disease forecasting and preventive efforts. The purpose of this study was to study the epidemiologic characteristics and the relationships between weather-related factors and the number of shigellosis cases in Taiwan.

2. Methods
==========

2.1. Study area
---------------

Taiwan comprises a total land area of 35,980 km^2^ and approximately 23 million people for an average population density of 635 individuals per km^2^. Taiwan is in East Asia and is located between 21°45′N and 25°56′N. The northern part of Taiwan belongs to the subtropical climate zone, whereas the southern part belongs to the tropical climate zone. Consequently, the weather in Taiwan is relatively warm, and high humidity occurs throughout the year.^\[[@R18]\]^

This study was approved by the Institutional Review Board of the Show Chwan Memorial Hospital, Changhua, Taiwan (IRB No. 1060601).

2.2. Surveillance for shigellosis
---------------------------------

Shigellosis is a national, notifiable infectious disease in Taiwan. Physicians are required to report all cases that meet the clinical case definition of shigellosis and collect samples, which are sent to the Centers for Disease Control of Taiwan (Taiwan CDC) for examination within one week of the case report.^\[[@R19]\]^

We collected data from all shigellosis-confirmed cases reported to the Taiwan CDC from January 2001 to December 2016. The reported information included patient age, sex, area of residence, geographic location of exposure, travel history, vaccination status, and date of shigellosis onset.

2.3. Case definitions
---------------------

A clinical case was defined as a patient with one or more loose, bloody stools.^\[[@R17],[@R19]\]^ A confirmed case was defined as a clinical case with a positive laboratory test or that met the clinical case definition and was epidemiologically linked to a confirmed case.^\[[@R19],[@R20]\]^ The differentiation of *Shigella* and enteroinvasive *E Coli* (EIEC) was performed by Taiwan CDC laboratory using a PCR method targeting the *ipa*H-gene.^\[[@R19],[@R20]\]^

2.4. Meteorological data
------------------------

Complete climatic data from January 2001 to December 2016, including the maximum and minimum daily mean temperatures, relative humidity, vapor pressure, precipitation, and sunshine rates, were obtained from the Taiwan Central Weather Bureau ([http://www.cwb.gov.tw](http://www.cwb.gov.tw/)). Because Taiwan is a relatively small island, we used the mean climatic data value for each calendar week obtained from all 17 weather stations across the island, excluding stations in isolated islands and areas in the mountains.

2.5. Statistical analysis
-------------------------

We calculated the annual incidence of shigellosis by dividing the number of reported shigellosis cases by the mid-year population, as reported in the Taiwan census data between 2001 and 2016. This was expressed as the number of shigellosis cases per 1,000,000 individuals. Seasonal trends in the occurrence of shigellosis were assessed using Poisson regression models that incorporated sine and cosine oscillators with yearly terms:^\[[@R18],[@R21]\]^ 

where *E*\[*Y*~*i*~(*t*)\] denotes the expected case counts at month *t* in year *I*, α is a constant value, each β term denotes a regression coefficient for a year or month, *t* indicates the months between January 2001 and December 2016, and *i* indicates each year during the years 2001 and 2016. The function year~*i*~ (*t*) denotes whether it is year *i* (1 = yes, 0 = no), and the function month (*t*) indicates a month number (i.e., 1 to 12 for January to December). We constructed univariable and multivariable Poisson regression models to evaluate the correlation between the monthly number of shigellosis cases and weather exposure. We also used oscillatory seasonal adjustments to account for annual variations during the 16-year study period. We used Akaike\'s information criterion (AIC) to optimize the knots within the spline model to avoid the pitfalls associated with both overfitting and underfitting.^\[[@R22]\]^ A backwards-elimination algorithm was applied to the multivariable models, with covariates retained for *P* ≤ .2.

To investigate the relationship between shigellosis and various temperatures and relative humidity levels, we estimated the incidence of shigellosis at various temperatures and relative humidity levels. According to previous studies,^\[[@R13]--[@R17]\]^ we assumed that the survival and transmission of *Shigella* would change as the temperature and relative humidity changed, and this might therefore affect the infectivity of the *Shigella* organism in a defined population. The average incidence of shigellosis (*N*~*T*~) in various temperature domains (*T* to *T* + Δ*T*) was estimated using the following formula:^\[[@R18],[@R21]\]^ 

where *i* denotes an index from 0 to *n*, *t*~*i*~ is the average temperature for the *i*th 7-day period, *C*~*i*~ is the total number of cases of shigellosis for the *i* + 2nd 7-day period, and *f* (*t*~*i*~) is a function of the following equation: 

Similarly, the average incidence of shigellosis (*N*~*h*~) in various relative humidity domains (*H* to *H* + Δ*H*) was assessed using the following formula: 

The application of standard methods for stratified data was used to analyze the data. A conditional logistic regression analysis was performed to determine exposure odds ratios (ORs) as estimates of incidence rate ratios and 95% confidence intervals (CIs) associated with meteorological variables.^\[[@R21]--[@R23]\]^ We used SAS software Version 9.2 (SAS Institute Inc., Cary, NC, USA) to perform all statistical analyses. A *P*-value of \<.05 was considered statistically significant.

3. Results
==========

3.1. Epidemiological characteristics of patients with shigellosis
-----------------------------------------------------------------

Table [1](#T1){ref-type="table"} shows the number and annual incidence rate of shigellosis cases by gender, age, region, and season. Between January 2001 and December 2016, a total of 4171 cases that met clinical definitions were reported to the Taiwan CDC. Among them, 1926 (46.2%) patients with shigellosis were classified as confirmed shigellosis cases. The incidence rate (cases per 1,000,000 individuals per year) of shigellosis was 8.5 (range: 1.7--17.5). Shigellosis predominantly affected females more so than males (9.0 vs 8.0). The highest incidence of shigellosis was among children aged ≤ 9 years old, followed by the age groups 20--29 years old (9.0/1,000,000), older than or equal to 60 years old (7.4/1,000,000), and 10--19 years old (7.2/1,000,000). The highest and lowest incidences of shigellosis were 68.3/1,000,000 and 2.6/1,000,000 in the eastern and southern regions of Taiwan, respectively. Compared to the eastern region, the northern, central, and southern regions had significantly lower incidence of shigellosis (*P* \< .001 in each). The highest incidence of shigellosis was 3.1/1,000,000 in the summer (June to August), followed by 2.7/1,000,000 in the autumn and 1.3/1,000,000 in the spring and winter.

###### 

Demographic characteristics of patients with shigellosis in Taiwan, 2001--2016.
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3.2. Seasonality and effects of weather factors
-----------------------------------------------

We developed a Poisson regression model that incorporated terms for the calendar year as well as sine and cosine functions to assess time trends and the seasonality of shigellosis using the monthly aggregate case number as the response variable. In addition to the time trends and seasonality, we added the mean temperature, mean relative humidity, vapor pressure, precipitation, and sunshine rate into the model using a backward-elimination algorithm. After oscillatory seasonal adjustments were incorporated into the model, mean temperature and mean relative humidity were the only factors found to be independently associated with shigellosis infection.

The association between climatic factors and the incidence of shigellosis is presented in Table [2](#T2){ref-type="table"}. Univariate analysis using Poisson regression models showed several meteorological factors associated with the incidence of shigellosis; however, in multivariate analysis, after annual trends and oscillatory seasonal adjustments were incorporated into the models, only the mean temperature and relative humidity were independently associated with the incidence of shigellosis (Table [2](#T2){ref-type="table"}). Age and sex did not modify the effects of temperature or relative humidity.

###### 

Weekly weather patterns 8--14 days prior to symptom onset and the incidence of shigellosis infection in Taiwan, 2001--2016.
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3.3. Temperature, relative humidity, and the occurrence of shigellosis
----------------------------------------------------------------------

The relationship between the occurrence (case count) of shigellosis and temperature is shown in Fig. [1](#F1){ref-type="fig"}. The occurrence of shigellosis changed with different temperatures. The number of shigellosis cases began to rise when temperatures reached 21°C (r^2^ = 0.88, *P* \< .001). The average case count (*N*~*T*~) increased by 8% (95% CI: 3--13%) for each 1°C increase in temperature (Table [2](#T2){ref-type="table"}).

![The average number of shigellosis infections in various temperature domains.](medi-98-e16928-g007){#F1}

Fig. [2](#F2){ref-type="fig"} presents the association between the variation in the number of shigellosis cases and the various relative humidity domains (*N*~*h*~). The number of shigellosis cases began to increase at a relative humidity of 70--74% (r^2^ = 0.75, *P* \< .05). A 5% increase in relative humidity was correlated with a 6% increase in shigellosis cases (95% CI: 2--11%) (Table [2](#T2){ref-type="table"}).

![The average number of shigellosis cases in various relative humidity domains.](medi-98-e16928-g008){#F2}

4. Discussion
=============

Epidemiological evidence has demonstrated that shigellosis remains an important public health problem in Taiwan. We analyzed shigellosis data reported to the Taiwan CDC from 2001 to 2016 using Poisson regression analyses. We found that the incidence of shigellosis was highest during the summer months, and the incidence was positively correlated with increased mean temperature and mean relative humidity in the long-term analysis. In this study, we also identified the importance of meteorological exposure in determining the incidence and seasonality of shigellosis in Taiwan.

Shigellosis is transmitted through the fecal-oral route, by flies, and through contaminated drinking water or food.^\[[@R1]\]^ The emergence of shigellosis is driven by environmental factors such as climate.^\[[@R1],[@R2],[@R5],[@R6]\]^ Various patterns of seasonality in the occurrence of shigellosis have been reported in various countries.^\[[@R24]--[@R28]\]^ Previous research has demonstrated apparent seasonal variations in China, with shigellosis infections apparently peaking in the summer and fall seasons.^\[[@R24],[@R29],[@R30]\]^ In Vietnam, the highest incidence of shigellosis was reported in May to October (wet season).^\[[@R31],[@R32]\]^ In Dhaka City in Bangladesh, the highest risk period was from September to December.^\[[@R33]\]^ In Nepal, the seasonal tendency of shigellosis was the summer-monsoon season.^\[[@R28]\]^ Similar to previous studies, our results showed a seasonal pattern of shigellosis infection, with a peak occurrence in the summer (June to August) months.

Long-term stable factors in the local ecological environment, in addition to social-economic status, infrastructure, and sanitation conditions, are the main drivers of spatial patterns of disease risk. The local and global risk of bacillary dysentery shows seasonality. Seasonality in the heterogeneous risk of shigellosis indicates that climatic factors, such as air temperature, precipitation, relative humidity, wind speed, and sunshine hours, may play an important role in the varying temporal incidence of this disease.^\[[@R34]--[@R36]\]^

Shigellosis can be affected by changes in the ambient environment. It has been reported that the activity of shigellosis is affected by temperature, relative humidity, and precipitation.^\[[@R15],[@R35],[@R36]\]^ Higher temperatures in summer may increase the reproduction of bacteria along the food supply chain and water supply.^\[[@R2],[@R15]\]^ Several theories have been postulated. First, increasing temperatures can increase the survival and replication of pathogens in the environment.^\[[@R25]\]^ Second, ambient temperature can increase the chance of contamination of food sources through behavior changes during hot temperatures, such as the elevated consumption of raw foods in the summer.^\[[@R15],[@R34]--[@R36]\]^ Third, higher temperatures may increase the chance of person-to-person contact, resulting in more people exposed to *Shigella* pathogens.^\[[@R15],[@R32],[@R34]--[@R36]\]^ Elevated temperatures may lead to increased exposure to pathogens, promote the growth of bacteria, and prolong the survival of bacteria in the environment and in contaminated food.^\[[@R2]\]^ In addition, high temperatures may be associated with specific behavioral patterns in the population, such as increased demands for water, which could accelerate the transmission of shigellosis. According to one study, a rise of 1°C in air temperature led to a nearly 11% to 16% increase in the risk of disease in China.^\[[@R29]\]^ In Peru, each 1°C rises in air temperature was associated with an 8% increase in shigellosis risk.^\[[@R25]\]^ In Korea, the incidence of shigellosis increased by 13.6% with a temperature increase of 1°C.^\[[@R37]\]^ Similar to previous studies,^\[[@R25],[@R29],[@R37]\]^ the present study found that temperature was positively associated with the risk of shigellosis, with a rise of 1°C in air temperature corresponding to an 8% increase in the risk of disease.

A previous study in Taiwan indicated that daily precipitation levels were significantly correlated with the incidence of shigellosis,^\[[@R14]\]^ but other studies have not found any specific population disproportionately at risk for shigellosis.^\[[@R38]\]^ A study in northern China observed that shigellosis was positively associated with relative humidity and precipitation.^\[[@R26],[@R30],[@R36]\]^ Similar findings were reported in studies conducted in the Pacific Islands^\[[@R16]\]^ and the USA.^\[[@R38]\]^ Conversely, a study conducted in Wuhan indicated that precipitation had a negative effect on the occurrence of shigellosis.^\[[@R35]\]^ We found that the number of shigellosis cases increased with increasing relative humidity, and the increase started at a relative humidity of 70% to 74%. Increased contact rates with contaminated droplets on days with high relative humidity may be a potential mechanism underlying the association of humidity and precipitation with shigellosis.^\[[@R32]\]^

Our study could not detect an association between the incidence of shigellosis and other climate variables, including rainfall and mean pressure, in multiple analyses. This finding is similar to the findings in the USA, Denmark, Australia, China, and Bangladesh, which all found that rainfall did not directly affect shigellosis.^\[[@R8],[@R37]--[@R39]\]^ However, some studies from the Pacific Islands reported a dose-response relationship between rainfall and the incidence of shigellosis,^\[[@R16]\]^ suggesting that extremely high and low values of rainfall may lead to an increase in the number of cases.

In the present study, an increase in the number of hours of sunshine had a positive relationship with shigellosis in the univariate analysis but not in the multivariate analysis. The potential mechanism may be that sunshine is associated with a prolonged rise in temperature, thus promoting the spread of shigellosis. However, another study conducted in China pointed to an inverse association between hours of sunshine and shigellosis.^\[[@R26]\]^ Differences among the studies might be due to the use of diverse observation scales or regional characteristics, as different study areas may have different climatic conditions that influence the epidemiology of shigellosis.

In our study, female patients had a higher annual incidence rate of shigellosis than male patients (9.0 vs 8.0 per 1,000,000). We are unable to definitively explain this epidemiological finding in Taiwan, but we postulate that contributing factors may include different behavioral patterns or different reporting patterns. In Nepal, males had a higher prevalence of shigellosis than females.^\[[@R28]\]^ This might be because males leave the house much more frequently than females to eat food in restaurants and from street vendors. Therefore, males in Nepal had a greater chance of exposure to sources of *shigella.*^\[[@R28]\]^

Previous studies showed that young children were considered a high-risk group for shigellosis because of poor personal hygiene, the absence of past exposures, and close contact among children who attended child-care facilities or schools.^\[[@R2],[@R40],[@R41]\]^ In contrast, there was a higher incidence rate of shigellosis in elderly individuals than in young children in Korea.^\[[@R37]\]^ The reason might be that the elderly population was not included as a priority target for the national sanitation control program. Consequently, the high incidence rate of shigellosis among elderly individuals in Korea has been reported. However, our study found that the highest incidence rate of shigellosis occurred in the age range \<9 years old.

In our study, the highest incidence of shigellosis occurred in the eastern region of Taiwan. A previous study showed that the disparity in incidence was associated with urbanization and economic status.^\[[@R8]\]^ Compared to the western region of Taiwan, the eastern region is a more underprivileged region. Public health infrastructure, sanitation, and water supply in this region is poorer than in the western region of Taiwan.

This study had several limitations. First, the public health surveillance data may be incomplete. It is believed that many notifiable infectious diseases (e.g., shigellosis) are underreported.^\[[@R18],[@R21]\]^ A reporting bias may occur anywhere in the reporting chain. However, this bias would occur only if weather effects were somehow correlated with the likelihood of disease reporting. Second, the burden of shigellosis as defined by laboratory-confirmed diagnosis probably represents an underestimation.^\[[@R5],[@R6]\]^

5. Conclusions
==============

In summary, our findings demonstrate the importance of climatic factors in determining shigellosis case occurrence and can help explain the notable seasonal pattern of shigellosis. Public health authorities should consider the results of the threshold estimation as a warning signal, and by applying these results with a prediction model for long-term trends, they can develop and deploy public health interventions before early summer to reduce the risk of infection and spread of the shigellosis pathogen.
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